Background: Glomerular filtration rate (GFR) is a preferred indicator of allograft renal function, but direct measurement of GFR remains complicated. Purpose: To prospectively compare dynamic contrast-enhanced MR renography (DCE-MRR) with
, as well as high accuracy (30-50% intervals: 74.3-90.0%). Although SPECT had a small bias (7.74 mL/min/1.73 m 2 ), it had a poor correlation coefficient (0.38), poor precision (23.93 mL/min/1.73 m 2 ), and low accuracy (64.3-72.3%) as compared with DCE-MRR using JZ2C. Data Conclusion: DCE-MRR using JZ2C is superior to R enal transplantation (RT) is a preferred renal replacement therapy for end stage renal diseases. 1 Close surveillance of the graft kidney after operation is of paramount importance to prolong functional-graft survival. Although most conveniently and commonly used in clinical practice, serum creatinine (SCr) is far from an ideal indicator of early graft injury caused by either rejection response or nonimmunological factors. 2 Glomerular filtration rate (GFR) of transplanted kidney is considered a sensitive and direct parameter to evaluating early graft damage. 3 Additionally, in the later phase of RT, patients with "stable renal function" might suffer from a chronic graft dysfunction or graft loss that is associated with chronic ischemia, artery stenosis, or chronic rejection response. These subtle abnormalities might be undetectable by SCr or estimated GFR (eGFR). Allograft renal function can be quantitated by serial blood sampling after the intravenous injection of some reagents, such as inulin and iohexol. [4] [5] [6] This method is hardly applicable for routine clinical evaluation. 99m Tc-DTPA-based single-photon emission computed tomography (SPECT) is clinically available for quantitation of split renal function and has been comprehensively validated for GFR in orthotopic human kidney. 7, 8 However, the accuracy and reproducibility of 99m Tc-DTPA-based SPECT for determination of allograft renal function is questionable because of its low spatial resolution and lack of optimization in this scenario. Ionization radiation exposure is also an inevitable result of this examination. Magnetic resonance imaging (MRI) is a powerful tool for examination of the kidneys in patients after RT. It provides an accurate assessment of the anatomic causes of allograft renal dysfunction, such as renal artery stenosis or ureteral obstruction or chronic renal ischemia. Recently, dynamic contrast-enhanced MR renography (DCE-MRR) has gained substantial interest as a promising tool to determine orthotopic renal function, with the results comparable to those derived from 99m Tc-DTPA-based SPECT. 9,10 Featuring high temporal and spatial resolution, DCE-MRR may overcome the intrinsic defect of SPECT, rendering it more suitable for a transplanted kidney. However, the quantitative criteria for the determination of allograft renal function with DCE-MRR and SPECT have not been adequately studied. Therefore, the purpose of this study was to assess whether a low-dose DCE-MRR can be used clinically to determine allograft renal function as compared with 99m Tc-DTPA-based SPECT.
Materials and Methods
This prospective study was approved by a local Institutional Review Board of the university hospital. Written informed consents were obtained from all patients.
Patients
Between December 2015 and October 2016, 85 consecutive patients who underwent kidney transplant in our medical center were prospectively enrolled. All subjects were anuric before transplantation. Kidneys were from either cardiac death or living donors. All subjects were over 18 years old, and their serum creatinine (Scr) were <200 lmol/L. Graft function was stable, defined as <10% coefficient of variation in three consecutive Scr detections (detected once a day), and eGFR was >30 mL/min/1.73 m 2 . The eGFR was calculated using a modified MDRD equation. 11 The proposed study paradigm is schematized in 
Reference Standard of GFR
We used endogenous CCr as our reference standard. Endogenous CCr was measured using the following equation: CCr 5 (urine creatinine / serum creatinine) 3 urine volume per minute, and normalized by body surface area (BSA; reference CCr-GFR 5 1.73 3 CCr/BSA). BSA was calculated using Stevenson's formula for Chinese people (S 5 0.0061 3 height (cm) 1 0.0128 3 body weight (kg) -0.1529). 12 Serum creatinine and urine creatinine were collected in-hospital and determined from a clinical laboratory center. All patients were required to assiduously avoid meat and keep a low-protein diet for 3 days, as well as to avoid strenuous exercise before undergoing examinations. Blood and 24-hour urine samples were collected on the day of MRI and SPECT examination. 99m Tc-DTPA-based SPECT
Renal scintigraphy was performed on the day of MRI examination using a standard 99m Tc-DTPA clearance on a Symbia T6 gamma camera SPECT scanner (Siemens, Erlangen, Germany). 13 The scanning probe was placed ventrally above the transplanted kidney in the iliac fossa, and the skin-kidney distance was set as 5 cm.
Patients were manually injected with 5 mCi (185 MBq) of 99m
Tc-DTPA as a rapid bolus and 20-mL saline flush. Coronal images with pixel size of 4.5 3 4.5 mm were acquired every 1 second for the first 60 seconds and every 15 seconds afterwards for 20 minutes. GFR was calculated with a standard Gate's method. Lastly, GFR values were normalized by a standard BSA during calculation and presented as mL/min/1.73 m 2 .
DCE-MRR
All MRI examinations were conducted with a 3.0T MR scanner with a dedicated 8-channel pelvic coil (Verio Tim; Siemens). The scanning coverage included the whole graft kidney and iliac artery.
After the acquisition of scout images, a 3D, nonselective saturation-recovery prepulse followed by a centrically ordered fast gradient-echo readout was prescribed to acquire data for subsequent DCE-MRR with the following parameters: repetition time / echo time (TR/TE), 3.6/1.04 msec; inversion time, 180 msec; flip angle, 258; slice thickness, 5 mm; field of view (FOV), 36 cm; matrix, 160 3 160, and parallel imaging GRAPPA acceleration factor, 2. The temporal resolution of DCE-MRR was 4 s/phase. Ten image sets were acquired before the contrast agent injection to obtain an accurate baseline measurement. DCE-MRR involved the intravenous injection of a low-dose (0.025 mmol/kg) gadoliniumdiethylenetriamine penta-acetic acid (Gd-DTPA, Magnevist, Schering, Berlin, Germany). The contrast was injected as a bolus at a speed of 2.5 ml/s followed by an equal volume of saline. The DCE-MRR was continued for 4.5 minutes after the contrast agent injection, yielding a total of 60 serial datasets for the determination of graft renographic curves. Additional imaging protocols including T 2 , T 1 , delayed contrast-enhanced, and diffusion-weighted imaging were used but not introduced in the current study.
The measurement of GFR is based on a graphic BaumannRudin (BR) model and a modified BR model (JZ2C) described by Zhang and colleagues. 14 The BR model describes the initial inflow of contrast from the cortex, which is identified with the vascular compartment, into the medulla, with no requirement for arterial input function (AIF). To avoid outflow effects and contamination of medullary signal by collecting system and renal pelvis, the computation is based on the upslope period, defined as the portion of the medullary time concentration curve up to the maximum value. A single free parameter, the clearance index C, defined as the rate constant for unidirectional flow from cortex ([Cx]) to medulla ([Med]), was shown to correlate with GFR:
The JZ2C model describes the kidney as a combination of a prefiltration (intra-renal arteries) and postfiltration compartment (renal tubules), respectively. Here, the prefiltration compartment was measured by sampling tracer retention in renal cortex [Cx] , while different from the BR model, and tracer retention in renal medulla can be generally divided into two parts: tracer that transits fast in the vascular pathway; and tracer that transits relatively slowly in tubules and collecting ducts [Med] . The medullary tracer retention can be expressed as follows:
Where f accounts for the difference of tissue compartmental volume fraction between cortex and medulla. R denotes input with a retention function, and * denotes convolution. Here we employed a constant kidney density of 1 g/ml and Hct of 0.42 for all subjects. MR data were postprocessed offline using software (FireVoxel; Center for Advanced Imaging Innovation and Research [CAI 2 R], New York University School of Medicine, New York, NY). One radiologist (Y.Z., Reader 1) with 10 years experience in interpreting abdominal cross-sectional images was recruited for imaging analysis. Motion correction was performed using a mutual information algorithm to minimize motion artifacts caused by respiration. The contour of kidney cortex and medulla were automatically segmented from the whole renal parenchyma sliceby-slice using a texture edge algorithm and then fine-tuned by hand-made drawings (Fig.  F2  2) . The cortical and medullary volume, as well as with their time-activity curves (TACs), were automatically determined. The data were then fitted on the base of the compartmental kinetic models described above using a nonlinear least squares Levenberg-Marquardt algorithm. The goodness of fit was assessed by the residual and expressed as percentage of the mean measured concentration.
To assess interreader agreement, 20 DCE-MRR scans were retrospectively reevaluated by one radiologist (C.W., Reader 2), who had 5 years experience in interpreting abdominal crosssectional images. He was blinded to the results obtained from Reader 1. The concordance correlation coefficient (CCC) was evaluated to estimate the interreader agreement between Reader 1 (Y.Z.) and Reader 2 (C.W.).
Statistical Analysis
Descriptive statistics (mean 6 standard deviation, SD) were used to summarize all variables. CCr-GFR was used as the reference standard. We calculated the bias, precision, 30% accuracy, and 50% accuracy of GFR measured by eGFR, SPECT, and DCE-MRR. Bias was defined as the mean difference between GFR measured by the two methods and CCr. Precision was defined as the SD of the bias. Accuracy was the proportion of GFR measured by SPECT and DCE-MRR that were within 630% and 650% of the reference CCr-GFR. The bivariate correlation between GFR measured as obtained using the two methods and CCr-GFR was analyzed using the Pearson correlation coefficient. Bland-Altman plots were generated to graphically visualize the agreement of two kinds of GFR with the reference. P < 0.05 was regarded as significant. All statistical analysis was performed using a MedCalc statistical software (v. 8.2.0.1, Mariakerke, Belgium).
Results

Subject Characteristics
Eighty-five kidney-transplant recipients were enrolled; 10 of them failed to adhere to a standard diet, five of them refused to undergo SPECT because of safety considerations, and 70 were eventually included in analysis (42 male and 28 female; mean age 38.2 years old; and average serum creatinine was 94.1 lmol/L). All subjects were under an immunosuppressive regimen of prednisone, mycophenolate mofetil, and a calcineurin inhibitor. The clinical characteristics of subjects are shown in Table  T1 1. Regarding head-to-head comparison between DCE-MRR and SPECT, the bias, precision, and accuracy of GFR determined by DCE-MRR and SPECT are summarized in Table  T2 Table 3 and Figs.  F3 3 and 4. This shows that GFR-JZ2C had F4 the best correlation coefficient (Pearson correlation coefficient r 5 0.81; P < 0.001) and illustrates high concordance with CCr-GFR, followed by eGFR (r 5 0.65, P < 0.001), GFR-BR (r 5 0.65, P < 0.001), and GFR-SPECT (r 5 0.38; P 5 0.001), respectively. Bland-Altman analysis was used to visualize the agreement between measured GFR and the reference CCr-GFR. Together, the results indicated that DCE-MRR, particularly using the JZ2C model, worked better than SPECT for calculating the GFR of transplanted kidney. The median time between renal transplantation and MRI examination is 481 days (21 days to 46 months).
DCE-MRR and SPECT
Discussion
In the current study, we present a head-to-head comparison of DCE-MRR and SPECT with regard to accuracy for allograft renal function. DCE-MRR was acquired using a lowdose (a quarter of routine dosage) Gd-based contrast agents, avoiding the risk for nephrogenic systemic fibrosis or brain gadolinium retention. Additionally, two compartmental kinetic models, ie, BR and JZ2C, were used for analysis of DCE-MRR data. The new JZ2C model has no requirement for AIF, the results of which are highly consistent with those of reference CCr-GFR. Therefore, we concluded that DCE-MRR using the JZ2C model could be a promising way to determine allograft renal function as compared with 99m Tc-DTPA-based SPECT renography. There are underlying flaws of SPECT for determining GFR of transplanted kidneys with regard to technical and systemic defects. First, Gate's method was based on an empirical GFR equation based on CCr in nontransplanted kidneys. 15 Second, limited by low spatial resolution, it is difficult for SPECT to identify the contours of grafted kidney definitively, as they are surrounded by masses of muscles, vessels, and urinary bladder. In this case, quantitation of 99m Tc-DTPA uptake in grafted kidneys might be influenced by background noise. As shown in this study and previous literature, 15 SPECT produced significant overestimates on allograft GFR. We assumed that the most important influencing factor for estimating error in SPECT is the depth of the transplanted kidney, as the distance from SPECT detector to kidney center is a crucial parameter for calculating GFR. 16 The depth of kidney can be empirically estimated by individual body weight and body height in normal patients. But for transplanted patients, the depth of grafted kidney is highly variable and no empirical equation can be referred to. Some authors suggested using ultrasonography before SPECT renography to determine the kidney depth. 17 However, compression during ultrasonography also has an influence on the depth measurement. Other factors including plasma protein binding of 99m Tc-DTPA and linear attenuation coefficient value influence GFR evaluation as well, and thus may bring systemic errors.
18
Using DCE-MRR is not new to assess renal function. Studies have shown its excellent abilities in the evaluation of split renal GFR in patients with renal diseases or healthy volunteers. 9, 10 Most tracer-kinetic models required determination of AIF, generally measured from aortic regions. However, acquiring robust AIF at DCE-MRR requires high temporal resolution imaging protocols; measurements in AIF may suffer from systemic errors, such as partial volume, flow effects, intravoxel dephasing, and T 2 * effects. In the present study, we used two AIF-free kinetic models, ie, BR and JZ2C, to calculate GFR in a straightforward way, making them appealing for potential clinical application. The two models can be used with a low-dose gadolinium tracer and hence potentially integrated into a routine renal 14, 19 Partially consistent with the previous literature, we found that GFR measured from DCE-MRR was linearly correlated with the reference CCr-GFR, and was obviously better than 99m Tc-DTPA-based SPECT measurement.
Generally, the standard reference for GFR is inulin clearance, 20 but it is time-consuming and the required reagent is currently unavailable in our country. Other agents such as iohexol could be used as a surrogate to calculate GFR in animal experiments and clinical trials. 21, 22 However, iohexol is not compatible for kidney transplant recipients due to nephrotoxicity. In our prospective cohorts, CCr largely reflected the grafted renal filtration function. In a standard controlled setting, this value is relatively consistent and highly correlated with the true GFR. 23, 24 Most important, CCr measurement is a minimally invasive test and inflicts no further injury to kidney transplant recipients. Thus, CCr was chosen as the reference standard in the present study. However, CCr may overestimate the true GFR for some reasons, 25 and using CCr as the standard reference may exaggerate the bias of the DCE-MRR method. In the current study, we found DCE-MRR resulted in underestimation of GFR in graft kidneys. Excluding the influence caused by CCr, the reason for underestimation by DCE-MRR can be explained by the fact that influence factors such as tracer outflow effects at DCE-MRR, the contamination of medullary signal by cortex and collecting system, and the renal interstitial space were neglected in the BR and JZ2C model. In transplanted kidneys, the interstitial space can be increased variably because of acute/chronic inflammation status or renal fibrosis. In addition, segmentation between cortical and medullary kidney might be challenged if problems of a partial volume effect and motion or vascular factors exist. We found that the JZ2C produced better results for DCE-MRR renographic curve plotting and resulted in more accuracy in GFR estimates than the BR method. Similar to the BR model, JZ2C describes the kidney as a combination of a pre-(cortex) and a postfiltration (medulla) compartment. Meanwhile, in JZ2C, tracer retention in renal medulla is further divided into two parts: tracer that transits rapidly in the vascular pathway, and tracer that transits relatively slowly in tubules and collecting ducts. In this way, the contamination of medullary signal through the vascular pathway is removed by the JZ2C model. Several limitations warrant mention. First, our results may be compromised by the relatively small patient cohort. Second, the processing of images required careful segmentation between cortex and medulla by experienced radiologists. Deviation was unavoidable despite meticulous manipulation. Some discrepancies also existed between CCr and the true GFR, even though CCr was calculated under standard conditions. After all, in current clinical procedure, CCr is still the first-line choice for patients with stable allograft function, as it is relatively consistent and its measurement is minimally invasive. While using DCE-MRR with multiparametric MRI is an additional choice that can provide both allograft renal structural and functional characteristics of the patients after RT, and thus might help for better patient management.
In conclusion, DCE-MRR might be used as a more promising way for assessing allograft renal function as compared with 99m Tc-DTPA-based SPECT. DCE-MRR has acceptable accuracy, high agreement with a clinical routine test, and does not utilize ionizing radiation.
